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ABSTRACT Naturally acquired immunity to malaria develops over several years and
can be compromised by concomitant infections. This study explored the influence of
chronic schistosomiasis on clinical outcome and immunity to repeated malaria infec-
tion. Two groups of baboons (n = 8 each), were infected with Schistosoma mansoni
cercariae to establish chronic infections. One of the two groups was treated with
praziquantel (PZQ) to eliminate schistosome infection. The two groups plus a new
malaria control group (n = 8) were inoculated three times with Plasmodium knowlesi
parasites at 1-month intervals. Clinical data and IgG, IgG1, memory T-cell, and mono-
cyte levels were recorded. After three P. knowlesi infections, we observed (i) reduced
clinical symptoms in all groups with each subsequent infection, (ii) increased IgG
and 1gG1 levels in the malaria control (Pk-only) group, (iii) increased IgG, 1gG1,
CD14%, and CD14~ CD16™ levels in the Schistosoma-treated (Schisto/PZQ+Pk) group,
and (iv) significantly lower IgG and IgG1 levels compared to those of the Pk-only
group, reduced CD4* CD45RO™ levels, and increased levels of CD14~ CD16™" cells in
the coinfected (Schisto+Pk) group. Chronic S. mansoni infection does not compro-
mise establishment of clinical immunity after multiple malaria infections, with non-
classical monocytes seeming to play a role. Failure to develop robust antibody and
memory T cells may have a long-term impact on acquired immunity to malaria
infection.
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alaria continues to be a significant contributor to high morbidity and mortality
rates in the tropical and subtropical regions of the world, as do pathogenic hel-
minth infections such as schistosomiasis. In 2018, the WHO reported an estimated 288
million cases of malaria infections worldwide, with approximately 405,000 deaths (1).
With schistosomiasis, around 290.8 million people globally required preventative treat-
ment, out of which 97.2 million were treated (https://www.who.int/news-room/fact
-sheets/detail/schistosomiasis). Since the pathogens share the same geographical loca- Copyright © 2022 American Society for
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FIG 1 S. mansoni and P. knowlesi infection and treatment protocol. Blue arrows indicate S. mansoni
infection and red arrows P. knowlesi infection. Praziquantel (PZQ) for schistosomiasis treatment was
administered at weeks 14, 15, and 16 postinfection. For phase |, the first, second, and third P.
knowlesi infections were at weeks 23, 32, and 37, respectively, while phase Il infections were at weeks
42, 50, and 55. The end point for phase 1 was at week 40 and that for phase Il at 57 weeks post
schistosome infection. After each malaria infection, animals were treated with antimalarial drug (blue
triangle). Blood for serum was collected (red triangles) before schistosome infection (week 0), before
malaria infection (weeks 20 and 40 for phases | and Il, respectively) and after three malaria infections
(weeks 40 and 57). PBMC isolation was done before malaria infection and after three malaria
infections.

into memory cells to facilitate parasite clearance (6-8). IgG antibodies, primarily 1gG1
and 1gG3 subtypes, are associated with acquired immunity to malaria infection and act
by neutralizing or activating complement lysis of merozoites, antibody-dependent cell
cytotoxicity by natural killer cell and monocyte activation (7-10). Upon activation, mono-
cytes help in parasite clearance by phagocytosis, cytokine production, and antigen pre-
sentation. They are, however, also implicated in the production of a predominant inflam-
matory T helper 1 (Th1) immunity which, if not regulated, can lead to systemic
inflammation and vascular dysfunction (11). Downregulation of the induced Th1 milieu
is facilitated by production of interleukin 10 (IL-10), IL-27 and transforming growth factor
beta (TGF-3), which lessen malaria-induced clinical symptoms and pathology (8, 12).

Chronic S. mansoni infection is associated with a potent immunoregulatory CD4*
Th2 polarized immune response that limit immunopathology and help the parasite
survive within the host (13). During coinfection, the Th2-polarized milieu can poten-
tially impair the development of humoral immunity to Plasmodium infection resulting
in higher parasitemia and greater morbidity to malaria infection (14, 15). Conversely,
other studies have indicated that schistosome coinfection can provide protection
against severe malaria (16-18). How such immune alterations affect naturally acquired
immunity to malaria has not been extensively studied (19-21). We therefore performed
a randomized controlled study to evaluate the impact of S. mansoni coinfection on
acquired immunity to P. knowlesi. This study was done in baboons, which are natural
hosts for S. mansoni (22) and a well-established model for severe infection with P.
knowlesi (23).

RESULTS

Study population and animal survival. At the beginning of the study, 24 animals
were randomized to three groups, namely, Schisto+Pk, Schisto/PZQ+Pk, and a malaria
control group (Pk-only) (Fig. 1). Infection and treatment procedures are as described in
Materials and Methods. At the beginning of phase Il (weeks 32 and 40 post schisto-
some infection), two animals were excluded from the study, namely Pan 3733
(Schisto+Pk), due to death from intestinal intussusception, and Pan 3699 (Schisto/
PZQ+Pk), due to injuries. The remaining 22 animals were infected with P. knowlesi par-
asites and monitored daily for malaria-related morbidity. Five animals succumbed to
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FIG 2 Increased mortality in phase Il experiment. Five animals succumbed to malaria infection during
the experimental period. (A) Percent parasitemia of these animals that died compared to those that
survived is. (B) Survival outcome of animals during the two experimental phases. Differences in
parasite density were analyzed using the Welch two-sample t test. Animal survival was analyzed
using the log-rank test.

malaria disease at phase Il of the study. Two animals from the Schisto+Pk group died
8 days after the first and 21 days after the second P. knowlesi infection, two animals
from the Schisto/PZQ+Pk group died at 3 and 9 days after first infection, and one ani-
mal from the Pk-only group died at 17 days following the third infection (Fig. 2A).
Although animals that died had significantly lower overall parasitemia (area under the
curve [AUC]) at time of death compared to those that survived (P = 0.0031), they mani-
fested severe clinical symptoms (Fig. 2B). Gross pathology from three animals in the
groups exposed to schistosome infection had at least six of the following conditions:
splenomegaly, hepatomegaly, pulmonary edema, ecchymosis along the groove of the
heart, whipworms in the cecum, granulomas on the liver and large intestines, and/or
congested kidney and brain vessels. Cause of death was attributed to metabolic distur-
bances, septicemia, and pneumonia.

Reduced malaria related morbidity in baboons after multiple infections with P.
knowlesi parasites. We investigated clinical outcomes following each of three rounds
of P. knowlesi infections (Fig. 3). After the first infection, all three groups of animals
showed clinical signs of malaria, with loss of appetite being the most common. These
signs diminished with subsequent rounds of P. knowlesi infection, such that after the
third infection, 0 out of 5 infected (100%) in the Schisto+Pk, 2 of 5 (40%) in the
Schisto/PZQ+Pk, and 3 of 8 (37.5%) in the Pk-only groups had signs of clinical malaria.
Out of all the symptoms we observed, loss of appetite and fever decreased most dra-
matically after multiple infections (Fig. 3A and B). These results indicate that repeated
exposure to P. knowlesi infection was associated with decreased clinical malaria symp-
toms, which were not affected by an ongoing or previous schistosome infection.

Multiple P. knowlesi infections is associated with decreased parasitemia. To
determine infection intensity from P. knowlesi infection, parasitemia was measured as
described in Materials and Methods and presented as AUC. After the first infection, 4 of
7 (57.1%), 4 of 7 (51.7%), and 7 of 8 (87.5%) in the Schisto+Pk, Schisto/PZQ+Pk, and Pk-
only groups, respectively, failed to spontaneously clear P. knowlesi infection. After the
second challenge, more animals were able to spontaneously clear or control their
malaria infection by day 12, while 1 of 5 (20%), 3 of 5 (60%), and 3 of 8 (37.5%) in the
Schisto+Pk, Schisto/PZQ+Pk, and Pk-only groups, respectively, had to be treated. By the
third challenge, only 2 of 5 animals in the Schisto+Pk group, 3 of 5 in the Schisto/
PZQ+Pk group, and 7 of 8 in Pk-only group developed parasitemia, which spontane-
ously cleared. There were no differences in parasitemia between the three groups at all
time points. In the Pk-only group, there was a decrease in parasite density at the third
infection (median = 562.8 parasitized red blood cells [iRBCs]) compared to the second
(median = 76 iRBCs; P = 0.044) and first (median = 185.3 iRBCs; P = 0.067), as shown in
Fig. 4L. Although not significant, there was reduction in parasitemia at the second (me-
dian = 4.6 iRBCs; P = 0.160) and third (median = 0.09 iRBCs; P = 0.061) infections
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FIG 3 Reduced morbidity after three P. knowlesi infections. Animals were infected three times with
malaria parasites, indicated as first (1MI), second (2MI), and third (3MI) infections. The bar graphs (A
to F) represent proportions of animals with clinical symptoms of severe malaria in the Schisto+Pk (1),
Schisto/PZQ+Pk (Il), and Pk-only (lll) groups. Statistical analysis within groups to identify differences
in clinical severity after three malaria infections was done using chi-square analysis.

compared to the first (median = 248.5 iRBCs) in the Schisto+Pk group (Fig. 4D). Similarly,
there was a decline in parasite levels in the Schisto/PZQ+Pk group at the third (me-
dian = 51.6 iRBCs) compared to first (median = 155 iRBC) and second (median = 382
iRBC) infections, although this was not significant (Fig. 4H). Based on these observations,
protection from overwhelming parasitemia was achieved after multiple exposure to P.
knowlesi infection, despite a previous or ongoing schistosome infection.

S. mansoni coinfection results in reduced specific IgG antibodies after multiple
P. knowlesi infections. IgG and IgG1 produced against crude P. knowlesi antigen were
measured in serum of infected animals. IgG levels in the Schisto+Pk and Schisto/
PZQ+Pk groups did not significantly change across all time points. This was in contrast
with the Pk-only group, where IgG levels were significantly higher at third infection
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FIG 4 Reduced parasitemia after three P. knowlesi infections. Individual % parasitemia is presented as parasites/10,000 RBCs (log,,). Daily parasitemia was
recorded from days 3 to 12 after iRBC/10,000 malaria infection, shown on the x axis. The graphs represent parasitemia in the Schisto+Pk (A, B, and C),
Schisto/PZQ+Pk (E, F, and G), and Pk (I, J, and K) at first (1MI), second (2Ml), and third (3MI) infections. Area under the curve (AUC) during 1MI, 2MI, and
3MI up to the time of treatment is shown for Schisto+PK (D), Schisto/PZQ+Pk (H), and Pk-only (L), with the median shown. Differences in parasite density
were measured as AUC was analyzed using Kruskall-Wallis with Dunn'’s post hoc analysis and multiple comparisons adjusted by the Holm method.

compared to the baseline (P = 0.001) and after first infection (P = 0.02), as shown in
Fig. 5A. IgG1 levels, on the other hand, significantly increased at the third infection
compared to the first in the Schisto+Pk (P = 0.009) and Schisto/PZQ+Pk groups
(P = 0.008). Similarly, IgG1 levels in the Pk-only group were higher at third infection
compared to baseline (0.0004) and first infection (P = 0.022), as shown in Fig. 5B. At the
third infection, IgG (P = 0.01) and IgG1 (P = 0.031) antibodies were higher in the Pk-
only group than in the Schisto+Pk group. These data indicate that malaria-specific IgG
and IgGT1 stimulation is impaired in the presence of a schistosome infection.

Reduced memory T-cell pool in coinfected animals. To determine how S. mansoni
and P. knowlesi coinfection influences acquired immunity, we measured levels of memory
T cells (Tyc) in baboon peripheral blood mononuclear cells (PBMCs) before and after three
P. knowlesi infections. PBMCs from 17 animals (Schisto+Pk [n = 5], Schisto/PZQ+Pk [n = 5]
and Pk-only [n = 7]) with represented samples at each time point were included in the
analysis. Using flow cytometry, T,,c were defined as cells expressing the surface markers
CD3* CD4" CD45RO™ (Fig. 6A) and CD3* CD4~ CD45RO* (Fig. 6B), which was used as a
measure of CD8* T cells. We found no significant differences between the three groups
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FIG 5 Lower levels of IgG and IgG1 antibody responses in coinfected animals after three P. knowlesi
infections. The graphs represent IgG (A) and IgG1 (B) antibody responses against malaria before
schistosome and malaria infections (BL), after first malaria infection (1MI), and after three malaria
infections (3MI). Antibody levels are presented as optical density (OD) measured at a wavelength of
450 nm. Kruskall-Wallis with Dunn’s post hoc analysis and multiple comparisons adjusted by the Holm
method was done for the following data: between-group data at IgG-3MlI, 1gG1-BL, and IgG1-1MI and
within-group data for 1gG-Schisto/PZQ+PK, IgG-Pk-only, and IgG1 in all three groups. Between-group
data for IgG-BL, IgG-1MI, and IgG1-3MI and within-group IgG-Schisto+Pk data were analyzed using
one-way ANOVA with Tukey’s multiple comparisons of means.

before or after three P. knowlesi infections in either CD4* T, or CD8" Ty, levels. However,
there were significant reductions in CD4* T, levels in the Schisto+Pk (P = 0.042) and
Schisto/PZQ+Pk (0.045) groups after the third infection compared to those before infec-
tion. In contrast, there were no significant differences in expression of CD8" Ty, within or
between groups before or after three infections. These data show that chronic exposure
to schistosome infection (ongoing or previous) may lead to reduction in the development
of Ty to subsequent P. knowlesi infection.

Increased CD14 and CD16 expression in animals exposed to S. mansoni infection.
To further explore innate immune responses during schistosome and malaria coinfec-
tion, we determined the expression of CD14* and CD16" on PBMCs of 17 animals, as
mentioned above. Using flow cytometry, total CD14" was defined as cells expressing
CD3~ CD14* (Fig. 7A) and nonclassical monocytes (NCM) as CD3~ CD14~ CD16*
(Fig. 7B). We recorded increased levels of CD14* after the third infection compared to
those before infection in the Schisto/PZQ+Pk group (P = 0.020). There was also signifi-
cant increase in NCM levels after the third infection in the Schisto+Pk (P = 0.047) and
Schisto/PZQ+Pk (P = 0.029) groups compared to those before infection. There were no
significant differences between the three groups in expression of both CD14™ and
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FIG 6 Decreased levels of memory T cells in coinfected animals after three P. knowlesi infections.
Memory T cells were characterized as the percentages of CD3" cells expressing CD4* CD45RO™ (A)
and CD4~ CD45RO* (B). Comparisons were done between the Schisto+Pk (black circles), Schisto/
PZQ+Pk (red squares), and Pk-only groups (blue triangles) before malaria infection (BMI) and after
three malaria infections (3MI). Between-group data were analyzed by one-way ANOVA with Tukey’s
multiple comparisons. Within-group data were analyzed by two-sample t test.
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FIG 7 Increased CD14 and CD16 expression in PBMCs of coinfected animals after three P. knowlesi
infections. CD3~ CD14* (A) and CD3~ CD14~ CD16" (B) were expressed as percentage of total
lymphocytes. Comparisons were made between the Schisto+Pk (black circles), Schisto/PZQ+Pk (red
squares), and Pk-only groups (blue triangles) before malaria infection (BMI) and after three malaria
infections (3MI). Differences between the three groups were analyzed using Kruskal-Wallis with
Dunn’s post hoc analysis and multiple comparisons adjusted by the Holm method at 3MI-CD14, 1MI-
CD16, and 3MI-CD16. Differences between the three groups at BMI-CD14 was measured by one-way
ANOVA with Tukey's multiple comparison. Within-group data were analyzed as follows: CD14~
Schisto+Pk, CD16~ Schisto+Pk, and CD16~ Schisto/PZQ+Pk by Wilcoxon rank sum test and CD16~
Schisto/PZQ+PK, CD14~ Pk-only, and CD16~ Pk-only by two-sample t test.

NCM. These data show that exposure to S. mansoni with an ongoing or previous infec-
tion results in expansion of innate immunity that could be associated with clearance of
P. knowlesi parasites.

DISCUSSION

In regions where malaria is endemic, individuals develop partial immunity to
malaria after repeated or chronic infections, characterized by reduction in severity of
clinical disease, parasitemia and inflammation (4). Here, we investigated how chronic S.
mansoni and P. knowlesi coinfection impacts naturally acquired immunity to malaria.
We demonstrated development of clinical immunity in both singly infected and
coinfected baboons after three malaria episodes, with protection from high fever, high
parasitemia, and loss of appetite. Human studies looking at schistosome and malaria
coinfections have reported similar findings with protection from febrile malaria (24),
high parasitemia, and anemia (25, 26). At phase Il of the experiment, the five animals
that died had low parasitemia, probably due to parasite sequestration in organs as pre-
viously observed (18). Three of these animals had whipworms, and such coinfections
with schistosomes has been shown to be detrimental and might have contributed to
increased pathogenesis and death (27). These conditions may have led to metabolic
disturbances, acute septicemia, and pneumonia, leading to death. Although there was
no significant association between death and ongoing or previous exposure of animals
to S. mansoni infection, it was noted that four of the five animals that had fatal out-
come were in the experimental groups infected with schistosomiasis.

IgG1 and IgG3 antibody responses to blood-stage parasites play a pivotal role in
protection against malaria (8). These IgG subtypes neutralize parasites directly by in-
hibiting invasion or growth in erythrocytes or indirectly by antibody-dependent cell-
mediated inhibition involving monocyte-derived mediators (28, 29). Although both iso-
types are indicated in mediating specific killing action, IgG1, instead of 1gG3, has been
associated with clinical protection against malaria infection (30). After three malaria
episodes, we observed significantly lower levels of circulating malaria-specific IgG and
IgG1 in coinfected animals compared to levels in those singly infected, indicating that
chronic S. mansoni infection influences humoral immune responses to malaria anti-
gens. Human Schistosoma haematobium and Plasmodium falciparum coinfection stud-
ies have reported conflicting results. Similarly to our studies, Courtin et al. reported
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low IgG levels in coinfected Senegalese residents compared to levels in those who
were schistosome free (31). Others in Benin (26) and Senegal (19) reported high levels
in the coinfected group. Such variations may be due to differences in species, antigen
assays, age, genetic background, environmental factors, and/or transmission intensity.

Immunological memory in any infection is a key feature of antigen-specific
responses, and maintenance of T- and B-cell memory pools ensures quick, effective,
and specific response to reinfection. During malaria infection, CD8* T, have been
largely associated with protection against liver-stage infection, while CD4* T,,c are
indicated in blood-stage parasite clearance and support humoral responses (32).
During schistosome infection and after treatment, studies have shown suppression of
CD4* T, compared to the uninfected (33). Here, we observed a significant reduction
in CD4* Ty, (cells expressing CD3* CD4* CD45RO™") and not CD8* Ty, (CD3*" CD4~
CD45R0O") in schistosome-exposed animals (active and treated groups) after three
malaria infections, further demonstrating a modulatory effect of bystander antigens as
previously reported (20, 34). Unlike our findings, Lyke et al. demonstrated enhanced
CD4* Ty, in antigen-stimulated PBMCs of S. hematobium- and P. falciparum-coinfected
children with a dominant IL-4 expression. (21). Differences in study outcome may be a
consequence of different cell types studied, differing study designs, and parasite
strains.

Monocytes are key innate immune cells produced early during infection and play a
critical role in homeostasis and disease pathogenesis (35). Three subsets of monocytes
have been described based on expression of CD14 (lipopolysaccharide receptor) and
CD16/FcyRIIA, namely classical (CD14* CD167), intermediate (CD14* CD16%), and
NCM/patrolling (CD14'”— CD16") cells (36). Classical monocytes are the largest subset
and mediate migration to sites of inflammation, where they can differentiate in tissues
to macrophages or dendritic cells. NCM, on the other hand, are involved in immune
regulation and tissue repair, while intermediate monocytes are most efficient at phago-
cytosis and activation of IgG or complement opsonization of Plasmodium-infected red
blood cells (RBCs) (reviewed previously [11, 37]). Here, we looked at the expression of
total CD14" and NCM, both of which were significantly elevated after three P. knowlesi
infections in groups exposed to S. mansoni, unlike in Pk-only infected animals, which
showed no change. NCM, as characterized by high CD16 expression, was recorded in
healthy individuals compared to children with acute malaria in a Kenyan study, while
this expression was associated with lower severity of P. falciparum infection and better
survival outcomes in patients in Benin. In contrast with our findings, these studies did
not include the asymptomatic or the influence of coinfections, considering that the
study populations were from regions where Schistosoma is endemic (38, 39). During
chronic schistosomiasis, elevation of NCM in monkeys and of CD14* and monocyte
subsets in humans has been recorded (40-42). The expansion of NCM and CD14+
noted in coinfected animals may be associated with exposure to schistosome infection
and may play a role in protection from severe disease by inducing an anti-inflamma-
tory immune response and facilitating phagocytosis of dying endothelial, cells thus
maintaining vascular homeostasis (35).

In conclusion, our study indicates that acquired immunity to malaria in baboons
coinfected with P. knowlesi and chronic S. mansoni is differentially altered compared to
that in animals infected only with malaria. Although all groups of animals exhibited im-
munity to clinical malaria, coinfection was associated with reduced levels of parasite-
specific IgG and IgG1 antibodies and CD4* T,,. Despite this, speculatively, these levels
may be sufficient to mount protective responses. Increased levels of NCM imply a role
of the innate immune system. The question of how reductions in protective antibody
and CD4* Ty levels impact long-term acquired immunity to malaria needs additional
study. Our study had several limitations, as follows. (i) Four of five animals that died at
the second phase of the study were exposed to schistosome infection. Although three
of these animals died within 10 days of the first malaria inoculation, illustrating the het-
erogeneity of the study, we were unable to determine the effect of prolonged chronic
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schistosome infection on acquired malaria immunity. (ii) Due to technical limitations,
our flow cytometry panels for both T cells and monocytes were not exhaustive, and we
were unable to either quantify and compare classical and intermediate monocytes
across the groups or further characterize memory T-cell subsets. (iii) Although this
study demonstrated differential generation of memory T and innate immune cells, we
did not stimulate the PBMCs with specific parasite antigens that would further delin-
eate the role of chronic schistosomiasis in the development of acquired immunity to
malaria infection. Further understanding of the differential roles of monocyte subsets
and the Th1 and Th2 milieu and how the immune system may impact physiological
changes could lead to a better understanding of the complex interactions during
malaria and schistosome coinfection.

MATERIALS AND METHODS

Parasites. S. mansoni parasites were obtained from chronically infected baboons maintained at the
Institute of Primate Research (IPR). Cryopreserved P. knowlesi strain H (originally clone Pk1 [A+] and pas-
saged in rhesus monkeys) parasites were used for malaria infection (43).

Animals. Wild-caught male (n = 10) and female (n = 14) olive baboons (Papio anubis) weighing
between 4.9 and 11.5 kg were obtained from the Mount Kenya region, Kenya. Animals were housed at
the IPR in facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC) in outdoor group cages and isolated once a week for collection of stool
samples to monitor schistosome infection. Animals free of schistosome and P. knowlesi infections were
included in the experiment. Screening was done by detection of (i) anti-S. mansoni and anti-P. knowlesi
antibodies in serum by enzyme-linked immunosorbent assay (ELISA), (ii) the Plasmodium 18S rRNA gene
through PCR, and (iii) schistosome eggs in stool samples by microscopy. Malaria inoculation was carried
out in a biocontainment unit fitted with both single and double cages to allow normal social behavior.
Animals were moved to the biocontainment unit 4 weeks prior to malaria infection to allow them to
acclimatize to the new environment. All animal housing had access to natural light and dark cycles with
unlimited access to clean water. Animals were fed on nutrition-dense monkey cubes (Unga Farm Care,
Ltd., Nairobi, Kenya) supplemented with fruits and vegetables.

Infection and treatment protocol. Twenty-four baboons were randomly assigned to three groups
(n = 8, Fig. 1); two groups, Schisto+Pk and Schisto/PZQ+Pk, were percutaneously infected with 500 S.
mansoni cercariae as previously described (44, 45). The Schisto/PZQ+Pk group was treated with three
doses of praziquantel (Biltricide, 80 mg/kg; Bayer Schering Pharma) at weeks 14, 15, and 16 (chronic
phase), when schistosome adult worms reach maturity and release eggs, leading to tissue pathology.
Schistosome infection and treatment were monitored weekly by stool examination for eggs using the
Kato-Katz technique (46, 47).

The two groups, plus a new malaria control group (Pk-only), were inoculated with 10° P. knowlesi-
infected erythrocytes through intravenous (i.v.) injection of the saphenous vein in two phases (23). Each
phase had 12 animals, 4 from each of the 3 groups. Three P. knowlesi infections were done at weeks 23,
32, and 37 in phase | and at weeks 42, 50, and 55 in phase Il. After each infection, parasitemia was
assessed daily and animals monitored for signs of clinical malaria. Animals were treated with the antima-
laria drug artemether/lumefantrine (Coartem dispersible; Novartis Pharmaceuticals Corporation, East
Hanover, NJ) upon acquiring parasitemia of 2% and/or presented with any clinical signs of malaria.
Artemether/lumefantrine (20 mg/120 mg per tablet) was given at a dosage of 2 tablets (5 to 6.9 kg), 3
tablets (7 to 10.9 kg), or 4 tablets (>11 kg) twice a day for 3 days. During treatment, animals were
sedated using ketamine/xylazine, and Coartem was administered orally by gavage (48). Animals were
injected with atipamezole (100 nwg/kg body weight; Antisedan) to resuscitate and reverse the effects of
the anesthesia.

At 14 to 20 one days after the third P. knowlesi challenge, baboons in the Pk-only group were treated
with Coartem to clear the malaria infection, while animals in the Schisto+Pk and Schisto/PZQ+Pk
groups were euthanized and exsanguinated by portal vein perfusion to recover adult schistosome
worms. Euthanasia was induced by deep anesthesia (i.v. injection of sodium pentobarbitone [Eutha-
naze; Bayer HealthCare] at 100 mg/kg). Blood for serum was collected before schistosome infection
(week 0), before P. knowlesi infection (week s20 and 40 for phases | and II, respectively) and after three P.
knowlesi infections (weeks 40 and 57). PBMC isolation for immunoprofiling was done before malaria
infection and after three malaria infections.

Clinical assessment. P. knowlesi infection was monitored daily by clinical assessment and determi-
nation parasitemia levels. Blood from a finger-prick was collected from day three and parasitemia deter-
mined by microscopy. Parasitemia was calculated as the number of parasitized red blood cells (iRBCs) in
10,000 RBCs x 100. Parasite density during the infection period was measured by calculating the area
under the curve (AUC) up to the time of treatment. Animals not treated were followed to day 12 postin-
fection. Clinical symptoms assessed included loss of appetite as measured quantitatively by observing
the amount of food eaten by the animal (good, >70%; fair, 40 to 70%; poor, <30%), fever as observed
by raised fur and a body temperature of =37°C, and lethargy by determining the demeanor of the ani-
mals and recording it as bright and active or lethargic (dull and listless). Membrane pallor of the con-
junctiva and oral mucosa was used as a proxy to measure anemia and was graded as pink and moist
(normal), slightly pale (mild anemia), and pale (severe anemia). Other symptoms included vomiting,
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bloody urine indicative of hematuria, and labored breathing (suggesting tachypnea). Malaria treatment
was administered when animals had parasitemia of >2% and/or showed any clinical symptoms.
Antibody assay. Circulating immunoglobulin G (IgG) and IgG1 against P. knowlesi antigen was
measured by ELISA. Antigen was prepared from whole P. knowlesi asexual-stage lysate (Pkh) diluted in
1x phosphate-buffered saline (PBS; Fisher BioReagents). Ninety-six-well ELISA plates (Immulon 4 HBX;
USA) were coated with 50 uL/well of 10 ug/mL Pkh antigen in PBS and incubated overnight at 4°C.
Plates were blocked with 100 uL/well of 0.3% bovine serum albumin (BSA; Sigma-Aldrich, Dorset, UK) in
PBS-0.05% Tween 20 (PBS-T) for 1 h at 37°C. Aliquots of serum samples (50 uL/well) diluted at 1:400 in
0.5% BSA in PBS-T (diluent) were added in duplicates. Positive (reactive serum) and negative (diluent)
controls were included, and plates were incubated overnight at 4°C. Plates were washed 6 times with
PBS-T and incubated at 37°C for 90 min with 50 uL/well of horseradish peroxidase-conjugated sheep
anti-human IgG and IgG1. After further washing, 50 uL/well of the substrate 3,3',5,5'-tetramethybenzi-
dine (TMB; Kirkegaard and Perry Labs, Gaithersburg, MD) was added, and plates were incubated at room
temperature. After 20 min, 50 uL/well of stop solution (0.5 M sulfuric acid; Merck Millipore) was added
and absorbance read at 450 nm using a microplate reader (ELx808; Biotex). Mean antibody levels were
expressed as optical density (OD) and recorded as net antibody production (mean of duplicate samples
minus mean of negative control). Levels greater than 2SE of the mean of baseline was considered a posi-
tive response. All antibodies used were purchased from The Binding Site (Birmingham, UK).

Flow cytometry. Frozen peripheral blood mononuclear cells (PBMCs) were thawed at 37°C, washed
twice with 1x PBS, resuspended in culture medium, and rested for 2 h at 37°C/5% CO,. Viability of cells
was determined by microscopy after staining with trypan blue. Fluorochrome-conjugated mouse anti-
human monoclonal antibodies were used to stain 500,000 PBMCs in 100 ulL of fluorescence-activated
cell sorting (FACS) buffer. Two panels were designed to characterize (i) memory T cells with fluorescein
isothiocyanate (FITC)-CD3, PerCP-CD4, and phycoerythrin (PE)-CD45R0O antibodies and monocyte popu-
lations with peridinin chlorophyll protein (PerCP)-CD3, FITC-CD14, and allophycocyanin (APC)-CD16 anti-
bodies (Becton and Dickinson [BD] Biosciences, San Jose, CA). Cells were stained for 25 min, washed,
and suspended in 500 uL of FACS buffer. Cell were read on a BD FACSCalibur instrument and data ana-
lyzed using FlowJo v10.6.0 software (BD, Ashland, OR). The gating strategy is shown in Fig. S1 in the sup-
plemental material.
Statistical analysis. Statistical analysis was performed using R v3.6.1 (Table S1). Morbidity after each
malaria infection was presented as percentages and differences across groups analyzed by chi-square
test. Variables that were considered included appetite, fever, color of mucous membrane, demeanor,
presence or absence of dyspnea, and hemoglobinuria. The effect of prolonged schistosome infection on
severe malaria was analyzed using a log-rank test. To determine whether there were differences in para-
sitemia and antibody responses between the three groups, Kruskall-Wallis with Dunn’s post hoc analysis
and P values adjusted for multiple comparisons by the Holm method was used in data that was nonnor-
mal, and one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons of means was per-
formed on data with a normal distribution curve. Differences within groups was measured by the
Wilcoxon sum rank test for data following a nonnormal distribution and by the two-sample t test for
data with normal distribution. To measure normality of the data, the Shapiro-Wilk test was used.
Variance was measured by Bartlett’s test (normally distributed data) or Levene’s test (nonnormal distri-
bution), and data with variance were subjected to the Welch two-sample t test. Values were considered
significantly different when the P value was <0.05.
Ethical statement. This study was approved by the IPR Institutional Science and Ethics Committee
and Animal Care and Use committee (IPR/IRC), Nairobi, Kenya (study IRC/12/2008). The IPR/IRC is nation-
ally registered by the National Commission for Science, Technology and Innovation, Kenya.
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Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
This work was supported by Public Health service grant 5R01AI075682-01 from the
National Institutes of Health (NIH).
We thank Simon Kiarie, Peter Mareri, James Ndung'u, Pricilla Kimiti, and the Animal
Science department at the IPR for their technical and animal welfare support.

REFERENCE

1.

2.

World Health Organization. 2020. World malaria report 2019. World
Health Organization, Geneva, Switzerland.

Lo AC, Faye B, Gyan BA, Amoah LE. 2018. Plasmodium and intestinal parasite
perturbations of the infected host’s inflammatory responses: a systematic
review. Parasit Vectors 11:387. https://doi.org/10.1186/513071-018-2948-8.

. Pullan R, Brooker S. 2008. The health impact of polyparasitism in humans:

are we under-estimating the burden of parasitic diseases? Parasitology
135:783-794. https://doi.org/10.1017/S0031182008000346.

February 2022 Volume 90 Issue2 e00464-21

4. Bull PC, Lowe BS, Kortok M, Molyneux CS, Newbold Cl, Marsh K. 1998. Parasite

antigens on the infected red cell surface are targets for naturally acquired im-
munity to malaria. Nat Med 4:358-360. https://doi.org/10.1038/nm0398-358.

. Dobbs KR, Dent AE. 2016. Plasmodium malaria and antimalarial antibodies

in the first year of life. Parasitology 143:129-138. https://doi.org/10.1017/
S0031182015001626.

. Opata MM, Carpio VH, Ibitokou SA, Dillon BE, Obiero JM, Stephens R.

2015. Early effector cells survive the contraction phase in malaria infection

iaiasm.org 10


https://doi.org/10.1186/s13071-018-2948-8
https://doi.org/10.1017/S0031182008000346
https://doi.org/10.1038/nm0398-358
https://doi.org/10.1017/S0031182015001626
https://doi.org/10.1017/S0031182015001626
https://iai.asm.org

Coinfection and Acquired Immunity to Malaria

20.

21.

and generate both central and effector memory T cells. J Immunol 194:
5346-5354. https://doi.org/10.4049/jimmunol.1403216.

. Boyle MJ, Reiling L, Feng G, Langer C, Osier FH, Aspeling-Jones H, Cheng

YS, Stubbs J, Tetteh KKA, Conway DJ, McCarthy JS, Muller I, Marsh K,
Anders RF, Beeson JG. 2015. Human antibodies fix complement to inhibit
Plasmodium falciparum invasion of erythrocytes and are associated with
protection against malaria. Immunity 42:580-590. https://doi.org/10
.1016/j.immuni.2015.02.012.

. Dobano C, Santano R, Vidal M, Jiménez A, Jairoce C, Ubillos |, Dosoo D,

Aguilar R, Williams NA, Diez-Padrisa N, Ayestaran A, Valim C, Asante KP,
Owusu-Agyei S, Lanar D, Chauhan V, Chitnis C, Dutta S, Angov E, Gamain
B, Coppel RL, Beeson JG, Reiling L, Gaur D, Cavanagh D, Gyan B,
Nhabomba AJ, Campo JJ, Moncunill G. 2019. Differential patterns of IgG
subclass responses to Plasmodium falciparum antigens in relation to
malaria protection and RTS,S vaccination. Front Immunol 10:439. https://
doi.org/10.3389/fimmu.2019.00439.

. Arora G, Hart GT, Manzella-Lapeira J, Doritchamou JY, Narum DL, Thomas

LM, Brzostowski J, Rajagopalan S, Doumbo OK, Traore B, Miller LH, Pierce
SK, Duffy PE, Crompton PD, Desai SA, Long EO. 2018. NK cells inhibit Plas-
modium falciparum growth in red blood cells via antibody-dependent cel-
lular cytotoxicity. Elife 7:e36806. https://doi.org/10.7554/eLife.36806.

. Hart GT, Tran TM, Theorell J, Schlums H, Arora G, Rajagopalan S, Sangala

ADJ, Welsh KJ, Traore B, Pierce SK, Crompton PD, Bryceson YT, Long EO.
2019. Adaptive NK cells in people exposed to Plasmodium falciparum cor-
relate with protection from malaria. J Exp Med 216:1280-1290. https://
doi.org/10.1084/jem.20181681.

. Dobbs KR, Crabtree JN, Dent AE. 2020. Innate immunity to malaria—the

role of monocytes. Immunol Rev 293:8-24. https://doi.org/10.1111/imr
.12830.

. Freitas do Rosario AP, Lamb T, Spence P, Stephens R, Lang A, Roers A,

Muller W, O'Garra A, Langhorne J. 2012. IL-27 promotes IL-10 production
by effector Th1 CD4™ T cells: a critical mechanism for protection from
severe immunopathology during malaria infection. J Immunol 188:
1178-1190. https://doi.org/10.4049/jimmunol.1102755.

. Wilson MS, Mentink-Kane MM, Pesce JT, Ramalingam TR, Thompson R,

Wynn TA. 2007. Immunopathology of schistosomiasis. Immunol Cell Biol
85:148-154. https://doi.org/10.1038/sj.icb.7100014.

. Sokhna C, Le Hesran JY, Mbaye PA, Akiana J, Camara P, Diop M, Ly A,

Druilhe P. 2004. Increase of malaria attacks among children presenting
concomitant infection by Schistosoma mansoni in Senegal. Malar J 3:43.
https://doi.org/10.1186/1475-2875-3-43.

. Diallo TO, Remoue F, Schacht AM, Charrier N, Dompnier J-P, Pillet S,

Garraud O, N'diaye AA, Capron A, Capron M, Riveau G. 2004. Schistosomi-
asis co-infection in humans influences inflammatory markers in uncom-
plicated Plasmodium falciparum malaria. Parasite Immunol 26:365-369.
https://doi.org/10.1111/j.0141-9838.2004.00719.x.

. Briand V, Watier L, Hesran J-Y, Garcia A, Cot M. 2005. Coinfection with

Plasmodium falciparum and Schistosoma haematobium: protective effect
of schistosomiasis on malaria in Senegalese children? Am J Trop Med Hyg
72:702-707. https://doi.org/10.4269/ajtmh.2005.72.702.

. Lyke KE, Dicko A, Dabo A, Sangare L, Kone A, Coulibaly D, Guindo A,

Traore K, Daou M, Diarra |, Sztein MB, Plowe CV, Doumbo OK. 2005. Asso-
ciation of Schistosoma haematobium infection with protection against
acute Plasmodium falciparum malaria in Malian children. Am J Trop Med
Hyg 73:1124-1130. https://doi.org/10.4269/ajtmh.2005.73.1124.

. Nyakundi RK, Nyamongo O, Maamun J, Akinyi M, Mulei |, Farah 10,

Blankenship D, Grimberg B, Hau J, Malhotra I, Ozwara H, King CL, Kariuki
TM. 2016. Protective effect of chronic schistosomiasis in baboons coin-
fected with Schistosoma mansoni and Plasmodium knowlesi. Infect Immun
84:1320-1330. https://doi.org/10.1128/IA1.00490-15.

. Diallo TO, Remoue F, Gaayeb L, Schacht A-M, Charrier N, De Clerck D,

Dompnier J-P, Pillet S, Garraud O, N'Diaye AA, Riveau G. 2010. Schistoso-
miasis coinfection in children influences acquired immune response
against Plasmodium falciparum malaria antigens. PLoS One 5:e12764.
https://doi.org/10.1371/journal.pone.0012764.

Lyke KE, Wang A, Dabo A, Arama C, Daou M, Diarra |, Plowe CV, Doumbo
OK, Sztein MB. 2012. Antigen-specific B memory cell responses to Plasmo-
dium falciparum malaria antigens and Schistosoma haematobium anti-
gens in co-infected Malian children. PLoS One 7:237868. https://doi.org/
10.1371/journal.pone.0037868.

Lyke KE, Dabo A, Arama C, Diarra I, Plowe CV, Doumbo OK, Sztein MB.
2018. Long-term maintenance of CD4 T Cell memory responses to malaria
antigens in Malian children coinfected with Schistosoma haematobium.
Front Immunol 8:1995. https://doi.org/10.3389/fimmu.2017.01995.

February 2022 Volume 90 Issue2 e00464-21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Infection and Immunity

Mdller-Graf CDM, Collins DA, Packer C, Woolhouse MEJ. 1997. Schisto-
soma mansoni infection in a natural population of olive baboons (Papio
cynocephalus anubis) in Gombe Stream National Park, Tanzania. Parasitol-
ogy 115:621-627. https://doi.org/10.1017/5S0031182097001698.

Ozwara H, Langermans JAM, Maamun J, Farah IO, Yole DS, Mwenda JM,
Weiler H, Thomas AW. 2003. Experimental infection of the olive baboon
(Paplio anubis) with Plasmodium knowlesi: severe disease accompanied
by cerebral involvement. Am J Trop Med Hyg 69:188-194. https://doi.org/
10.4269/ajtmh.2003.69.188.

Doumbo S, Tran TM, Sangala J, Li S, Doumtabe D, Kone Y, Traoré A,
Bathily A, Sogoba N, Coulibaly ME, Huang C-Y, Ongoiba A, Kayentao K,
Diallo M, Dramane Z, Nutman TB, Crompton PD, Doumbo O, Traore B.
2014. Co-infection of long-term carriers of Plasmodium falciparum with
Schistosoma haematobium enhances protection from febrile malaria: a
prospective cohort study in Mali. PLoS Negl Trop Dis 8:e3154. https://doi
.0rg/10.1371/journal.pntd.0003154.

Degarege A, Degarege D, Veledar E, Erko B, Nacher M, Beck-Sague CM,
Madhivanan P. 2016. Plasmodium falciparum infection status among chil-
dren with Schistosoma in Sub-Saharan Africa: a systematic review and
meta-analysis. PLoS Negl Trop Dis 10:e0005193. https://doi.org/10.1371/
journal.pntd.0005193.

Tokplonou L, Nouatin O, Sonon P, M'po G, Glitho S, Agniwo P, Gonzalez-
Ortiz D, Tchégninougbo T, Ayitchédji A, Favier B, Donadi EA, Milet J, Luty
AJF, Massougbodiji A, Garcia A, Ibikounlé M, Courtin D. 2020. Schistosoma
haematobium infection modulates Plasmodium falciparum parasite den-
sity and antimalarial antibody responses. Parasite Immunol 42:e12702.
https://doi.org/10.1111/pim.12702.

Le L, Khatoon S, Jiménez P, Peterson C, Kernen R, Zhang W, Molehin AJ,
Lazarus S, Sudduth J, May J, Karmakar S, Rojo JU, Ahmad G, Torben W,
Carey D, Wolf RF, Papin JF, Siddiqui AA. 2020. Chronic whipworm infec-
tion exacerbates Schistosoma mansoni egg-induced hepatopathology in
non-human primates. Parasit Vectors 13:109. https://doi.org/10.1186/
$13071-020-3980-z.

Tebo AE, Kremsner PG, Luty AJ. 2001. Plasmodium falciparum: a major
role for IgG3 in antibody-dependent monocyte-mediated cellular inhibi-
tion of parasite growth in vitro. Exp Parasitol 98:20-28. https://doi.org/10
.1006/expr.2001.4619.

Jafarshad A, Dziegiel MH, Lundquist R, Nielsen LK, Singh S, Druilhe PL.
2007. A novel antibody-dependent cellular cytotoxicity mechanism
involved in defense against malaria requires costimulation of monocytes
FoyRIl and FoyRlll. J Immunol ) 178:3099-3106. https://doi.org/10.4049/
jimmunol.178.5.3099.

Egan AF, Burghaus P, Druilhe P, Holder AA, Riley EM. 1999. Human anti-
bodies to the 19 kDa C-terminal fragment of Plasmodium falciparum mer-
ozoite surface protein 1 inhibit parasite growth in vitro. Parasite Immunol
21:133-139. https://doi.org/10.1046/j.1365-3024.1999.00209.x.

Courtin D, Djilali-Saiah A, Milet J, Soulard V, Gaye O, Migot-Nabias F,
Sauerwein R, Garcia A, Luty AJF. 2011. Schistosoma haematobium infec-
tion affects Plasmodium falciparum-specific 1gG responses associated
with protection against malaria. Parasite Immunol 33:124-131. https://
doi.org/10.1111/j.1365-3024.2010.01267 ..

Zander RA, Vijay R, Pack AD, Guthmiller JJ, Graham AC, Lindner SE,
Vaughan AM, Kappe SHI, Butler NS. 2018. Th1-like Plasmodium-specific
memory CD4™" T cells unexpectedly support humoral immunity. Cell Rep
23:1230-1237. https://doi.org/10.1016/j.celrep.2018.04.048.

Nausch N, Bourke CD, Appleby LJ, Rujeni N, Lantz O, Trottein F, Midzi N,
Mduluza T, Mutapi F. 2012. Proportions of CD4" memory T cells are
altered in individuals chronically infected with Schistosoma haematobium.
Sci Rep 2:472. https://doi.org/10.1038/srep00472.

Hartgers FC, Obeng BB, Kruize YCM, Dijkhuis A, McCall M, Sauerwein RW,
Luty AJF, Boakye DA, Yazdanbakhsh M. 2009. Responses to malarial anti-
gens are altered in helminth-infected children. J Infect Dis 199:
1528-1535. https://doi.org/10.1086/598687.

Narasimhan PB, Marcovecchio P, Hamers AAJ, Hedrick CC. 2019. Nonclass-
ical monocytes in health and disease. Annu Rev Immunol 37:439-456.
https://doi.org/10.1146/annurev-immunol-042617-053119.

Zawada AM, Rogacev KS, Rotter B, Winter P, Marell R-R, Fliser D, Heine
GH. 2011. SuperSAGE evidence for CD14"*CD16" monocytes as a third
monocyte subset. Blood 118:@50-e61. https://doi.org/10.1182/blood
-2011-01-326827.

Ortega-Pajares A, Rogerson SJ. 2018. The rough guide to monocytes in
malaria infection. Front Immunol 9:2888. https://doi.org/10.3389/fimmu
.2018.02888.

iai.asm.org 11


https://doi.org/10.4049/jimmunol.1403216
https://doi.org/10.1016/j.immuni.2015.02.012
https://doi.org/10.1016/j.immuni.2015.02.012
https://doi.org/10.3389/fimmu.2019.00439
https://doi.org/10.3389/fimmu.2019.00439
https://doi.org/10.7554/eLife.36806
https://doi.org/10.1084/jem.20181681
https://doi.org/10.1084/jem.20181681
https://doi.org/10.1111/imr.12830
https://doi.org/10.1111/imr.12830
https://doi.org/10.4049/jimmunol.1102755
https://doi.org/10.1038/sj.icb.7100014
https://doi.org/10.1186/1475-2875-3-43
https://doi.org/10.1111/j.0141-9838.2004.00719.x
https://doi.org/10.4269/ajtmh.2005.72.702
https://doi.org/10.4269/ajtmh.2005.73.1124
https://doi.org/10.1128/IAI.00490-15
https://doi.org/10.1371/journal.pone.0012764
https://doi.org/10.1371/journal.pone.0037868
https://doi.org/10.1371/journal.pone.0037868
https://doi.org/10.3389/fimmu.2017.01995
https://doi.org/10.1017/S0031182097001698
https://doi.org/10.4269/ajtmh.2003.69.188
https://doi.org/10.4269/ajtmh.2003.69.188
https://doi.org/10.1371/journal.pntd.0003154
https://doi.org/10.1371/journal.pntd.0003154
https://doi.org/10.1371/journal.pntd.0005193
https://doi.org/10.1371/journal.pntd.0005193
https://doi.org/10.1111/pim.12702
https://doi.org/10.1186/s13071-020-3980-z
https://doi.org/10.1186/s13071-020-3980-z
https://doi.org/10.1006/expr.2001.4619
https://doi.org/10.1006/expr.2001.4619
https://doi.org/10.4049/jimmunol.178.5.3099
https://doi.org/10.4049/jimmunol.178.5.3099
https://doi.org/10.1046/j.1365-3024.1999.00209.x
https://doi.org/10.1111/j.1365-3024.2010.01267.x
https://doi.org/10.1111/j.1365-3024.2010.01267.x
https://doi.org/10.1016/j.celrep.2018.04.048
https://doi.org/10.1038/srep00472
https://doi.org/10.1086/598687
https://doi.org/10.1146/annurev-immunol-042617-053119
https://doi.org/10.1182/blood-2011-01-326827
https://doi.org/10.1182/blood-2011-01-326827
https://doi.org/10.3389/fimmu.2018.02888
https://doi.org/10.3389/fimmu.2018.02888
https://iai.asm.org

Nyakundi et al.

38.

39.

40.

41.

42.

Dobbs KR, Embury P, Vulule J, Odada PS, Rosa BA, Mitreva M, Kazura JW,
Dent AE. 2017. Monocyte dysregulation and systemic inflammation dur-
ing pediatric Falciparum malaria. JCl Insight 2:95352. https://doi.org/10
.1172/jci.insight.95352.

Royo J, Rahabi M, Kamaliddin C, Ezinmegnon S, Olagnier D, Authier H,
Massougbodiji A, Alao J, Ladipo Y, Deloron P, Bertin G, Pipy B, Coste A,
Aubouy A. 2019. Changes in monocyte subsets are associated with clini-
cal outcomes in severe malarial anaemia and cerebral malaria. Sci Rep 9:
17545. https://doi.org/10.1038/541598-019-52579-7.

Melkus MW, Le L, Siddiqui AJ, Molehin AJ, Zhang W, Lazarus S, Siddiqui
AA. 2020. Elucidation of cellular responses in non-human primates with
chronic schistosomiasis followed by praziquantel treatment. Front Cell
Infect Microbiol 10:57. https://doi.org/10.3389/fcimb.2020.00057.
Fernandes JS, Araujo MI, Lopes DM, da Paixao de Souza R, Carvalho EM,
Cardoso LS. 2014. Monocyte subsets in schistosomiasis patients with peri-
portal fibrosis. Mediators Inflamm 2014:703653. https://doi.org/10.1155/
2014/703653.

Turner JD, Bourke CD, Meurs L, Mbow M, Dieéye TN, Mboup S, Polman K,
Mountford AP. 2014. Circulating CD14°9"CD16" ‘intermediate’ mono-
cytes exhibit enhanced parasite pattern recognition in human helminth
infection. PLoS Negl Trop Dis 8:@2817. https://doi.org/10.1371/journal
.pntd.0002817.

February 2022 Volume 90 Issue2 e00464-21

43.

44,

45.

46.

47.

48.

Infection and Immunity

Barnwell JW, Howard RJ, Coon HG, Miller LH. 1983. Splenic requirement
for antigenic variation and expression of the variant antigen on the eryth-
rocyte membrane in cloned Plasmodium knowlesi malaria. Infect Immun
40:985-994. https://doi.org/10.1128/iai.40.3.985-994.1983.

Yole DS, Pemberton R, Reid GDF, Wilson RA. 1996. Protective immunity to
Schistosoma mansoni induced in the olive baboon Papio anubis by the
irradiated cercaria vaccine. Parasitology 112:37-46. https://doi.org/10
.1017/50031182000065057.

Sturrock RF, Butterworth AE, Houba V. 1976. Schistosoma mansoni in the
baboon (Papio anubis): parasitological responses of Kenyan baboons to
different exposures of a local parasite strain. Parasitology 73:239-252.
https://doi.org/10.1017/s003118200004693x.

Katz N, Chaves A, Pellegrino J. 1972. A simple device for quantitative stool
thick-smear technique in Schistosomiasis mansoni. Rev Inst Med Trop Sao
Paulo 14:397-400.

Kariuki TM, Farah 10, Yole DS, Mwenda JM, Van Dam GJ, Deelder AM,
Wilson RA, Coulson PS. 2004. Parameters of the attenuated schistosome
vaccine evaluated in the olive baboon. Infect Immun 72:5526-5529.
https://doi.org/10.1128/IA1.72.9.5526-5529.2004.

Carvalho-Queiroz C, Nyakundi R, Ogongo P, Rikoi H, Egilmez NK, Farah 10,
Kariuki TM, LoVerde PT. 2015. Protective potential of antioxidant enzymes
as vaccines for schistosomiasis in a non-human primate model. Front
Immunol 6:273. https://doi.org/10.3389/fimmu.2015.00273.

iaiasm.org 12


https://doi.org/10.1172/jci.insight.95352
https://doi.org/10.1172/jci.insight.95352
https://doi.org/10.1038/s41598-019-52579-7
https://doi.org/10.3389/fcimb.2020.00057
https://doi.org/10.1155/2014/703653
https://doi.org/10.1155/2014/703653
https://doi.org/10.1371/journal.pntd.0002817
https://doi.org/10.1371/journal.pntd.0002817
https://doi.org/10.1128/iai.40.3.985-994.1983
https://doi.org/10.1017/S0031182000065057
https://doi.org/10.1017/S0031182000065057
https://doi.org/10.1017/s003118200004693x
https://doi.org/10.1128/IAI.72.9.5526-5529.2004
https://doi.org/10.3389/fimmu.2015.00273
https://iai.asm.org

	RESULTS
	Study population and animal survival.
	Reduced malaria related morbidity in baboons after multiple infections with P. knowlesi parasites.
	Multiple P. knowlesi infections is associated with decreased parasitemia.
	S. mansoni coinfection results in reduced specific IgG antibodies after multiple P. knowlesi infections.
	Reduced memory T-cell pool in coinfected animals.
	Increased CD14 and CD16 expression in animals exposed to S. mansoni infection.

	DISCUSSION
	MATERIALS AND METHODS
	Parasites.
	Animals.
	Infection and treatment protocol.
	Clinical assessment.
	Antibody assay.
	Flow cytometry.
	Statistical analysis.
	Ethical statement.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCE

